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OVER THE PAST TWO DECADES a large body of epidemiological evidence has linked exposure to ambient particulate matter to increased risk of mortality that is thought to be due to cardiovascular disease (40) . Less attention has been paid to acute cardiovascular responses to ozone, at least in part due to the notion that ozone causes primarily local effects on the respiratory tract. However, with several recent epidemiological studies reporting increased risk of mortality associated with ambient exposure to ozone (10, 29, 53) , new concerns about harmful cardiovascular effects of this pollutant have been raised.
Air pollution likely promotes cardiovascular events by multiple mechanisms as described previously (9) . Of these, induction of oxidative stress along with systemic inflammation and alterations in autonomic balance are the most plausible pathways through which ozone may affect the cardiovascular system. Initial responses to oxidant injury and inflammation could ultimately lead to endothelial dysfunction, acute arterial vasoconstriction, and procoagulant activity. Stimulation of nociceptive fibers in the airways may lead to changes in sympathetic and/or parasympathetic tone, which could lead to arrhythmias. However, the available data regarding the cardiovascular effects of ozone in humans remain limited (17, 24, 47, 49) . Recently, a controlled human exposure study in young healthy subjects reported short-term exposure to 300 ppb ozone to cause adverse changes in markers of inflammation, fibrinolysis, and heart rate variability (HRV) (13) , providing some biological plausibility for the epidemiological studies that associate ozone exposure with mortality. However, another recent controlled human exposure study did not find an effect of a similar dose of ozone on HRV (8) . In addition to these conflicting results, systemic inflammatory, coagulability, and cardiac autonomic effects of exposure to lower levels of ozone have not been adequately investigated.
Examination of systemic effects of exposure to lower levels of ozone is particularly important since efforts to improve air quality have led to a slight but steady decline in ozone levels seen in many regions of the world (18) . For example, daily maximum 8-h average concentrations of ozone in urban regions of California and China in 2010 have reported to be 57 to 94 ppb and 181 to 209 ppb, respectively (18, 20) . Although airway inflammation with exposure to levels of ozone as low as 60 ppb has been documented (35) , it is possible that the systemic inflammation and autonomic effects of ozone have a higher threshold below which little or no systemic responses may be observed.
The goal of this study was to determine whether exposure to current medium and high ambient levels of ozone (at 100 and 200 ppb, respectively) causes adverse systemic responses. Our hypothesis was that ozone-induced systemic responses vary linearly in a dose-dependent manner with the level of exposure in the 0 to 200 ppb concentration range. To evaluate this hypothesis, we examined systemic markers of cardiovascular disease, namely HRV and biomarkers of inflammation (e.g., C-reactive protein, or CRP, inflammatory cytokines), volume control dysfunction (e.g., angiotensin converting enzyme), and coagulability (e.g., plasminogen activator inhibitor-1 and fibrinogen) after exposure to ozone at 0, 100, and 200 ppb. A secondary hypothesis of our study was that because airways are the portal of entry for ozone, any observed ozone-induced systemic inflammation is mediated by ozone-induced airway inflammation, and, in turn, any observed ozone-induced autonomic responses are at least in part mediated by ozone-induced systemic inflammation. To evaluate this secondary hypothesis, we explored the association among local airway inflammation, systemic inflammation, and HRV responses to ozone inhalation.
METHODS

Ethics statement. The University of California San Francisco (UCSF) Institutional Review Board (IRB), the Committee on Human
Research, approved this study. Written IRB-approved informed consent was obtained from all study participants. All subjects received financial compensation for their participation.
Study design. This study had a repeated measure design in which subjects were exposed to either 0 ppb (clean filtered air), 100 ppb (medium dose), or 200 ppb (high dose) ozone for 4 h in a climatecontrolled chamber followed by bronchoscopy with bronchoalveolar lavage (BAL) on the following day (Fig. 1) . Cardiovascular, pulmonary, and hemostatic endpoints were measured immediately before (0 h), immediately after (4 h), and 20 h after the end of exposure (24 h). Each subject completed all three types of exposure with a minimum of 3 wk in between exposure sessions to allow for recovery from any inflammation or injury sustained during the prior session. Previous studies have shown this wash-out period to be adequate for controlled ozone exposure studies (7, 14) .
The order of exposures was counter-balanced and randomized. The study subjects and all but one of the study personnel, who performed the exposure experiment, were blinded to the type and order of exposures. All collected data were coded using randomly assigned 4-digit ID numbers, and the codes were unblinded only after all quantifications were performed at the stage of data analysis.
Subjects. To increase the number of participants for analysis of the cardiovascular and hemostatic endpoints, subjects were allowed to enroll in the study even if they declined to undergo bronchoscopy. Overall, 26 subjects were recruited. Twenty-three out of 26 subjects participated in all procedures including bronchoscopy with BAL, and three subjects participated in all procedures except bronchoscopy. Four subjects withdrew from the study after the first exposure and bronchoscopy (1 moved out of the San Francisco Bay area, 2 reported inability to adhere to the experimental schedule, 1 provided no reason). The other 22 subjects completed all exposure conditions. Data from all 26 subjects were included in the analyses. Due to withdrawal of the four subjects, the final order of exposure assignments in the 22 subjects who completed all the exposures was not fully counter-balanced. Nevertheless, the differences between the number of subjects in exposure-order assignments were not statistically significantly different ( 2 ϭ 0.46). The inclusion criteria included 1) age between 18 to 50 years; 2) ability to perform moderate-intensity exercise; 3) being healthy with no history of cardiovascular, hematologic, or pulmonary diseases other than mild asthma; 4) no history of acute infection within the past 6 wk before start of the study; 5) nonsmoker as defined by having a history of less than ½ pack-year lifetime tobacco use and no history of any tobacco use in the past 6 mo; and 6) no history of recreational drug use. The criteria for mild asthma diagnosis included self-report of physician-diagnosed asthma, airway hyperresponsiveness to inhaled methacholine [provocative concentration of methacholine re- Fig. 1 . Study design. Subjects were exposed to 0, 100, and 200 ppb ozone (O3) in random order for 4 h with intermittent exercise in a repeated measure design. Electrocardiogram recording, phlebotomy, and spirometry were obtained immediately before (0 h), immediately after (4 h), and 20 h after (24 h) each exposure. Bronchoscopy with bronchoalveolar lavage (BAL) was performed at 24-h time point. The exposures were at least 3 wk apart to allow for recovery from previous exposure.
sulting in a 20% decrease in FEV1 compared with baseline Յ8.0 mg/ml] verified in our laboratory according to a protocol based on the American Thoracic Society guidelines (32), a prebronchodilator FEV 1 of at least 70% of the normal predicted value, no daily asthma symptoms, and less than three to four nighttime symptoms per month (23, 36) . Asthmatic subjects were required to stop their asthma and allergy medications in a sequential manner based on the duration of action of each medication (inhaled corticosteroids for 2 wk, antihistamines and leukotriene inhibitors for 3 days, long-acting bronchodilators for 2 days, and short-acting bronchodilators for 8 h). Atopic status was assessed by skin-prick testing to 10 common aeroallergens (Dermatophagoides pteronyssinus, Aspergillus fumigatus, birch mix, Chinese elm, cat, dog, mountain cedar, mugwort sage, olive tree, perennial rye), with histamine as a positive control and saline as a negative control. A positive response was defined by a skin wheal 3 mm greater than the saline control 15 min after administration. Because the primary endpoints in the study were cardiovascular and nonrespiratory, and because these outcomes have not been reported to be affected by presence of mild asthma, all subjects were pooled together for final analyses.
Climate-controlled chamber and atmospheric monitoring. The experiment took place in a ventilated, climate-controlled chamber at 16°C and 50% relative humidity with minor adjustments allowed for subject comfort. The chamber is a stainless steel-and-glass room of 2.5 ϫ 2.5 ϫ 2.4m (model W00327-3R; Nor-Lake, Hudson, WI) that was custom-built and designed to maintain temperature and relative humidity within 2°C and 4% from the set points, respectively (WebCtrl Software; Automated Logic, Kennesaw, GA). Temperature and relative humidity were recorded every 30 s and displayed in real-time (LabView 6.1; National Instruments, Austin, TX). Ozone was produced with a corona-discharge ozone generator (Model T408; Polymetrics, San Jose, CA) from a gas mixture of oxygen and argon (10% oxygen, balanced argon), and its concentration was monitored with an ultraviolet light photometer (Model 1004AH; Dasibi, Glendale, CA). The ozone analyzer was calibrated biannually with an ozone transfer standard (Model 1003PC; Dasibi) by the California Air Resources Board and precision-checked on a monthly basis.
Exposure sessions. Each exposure session was 4 h long, with subjects exercising for the first 30 min and then resting for the following 30 min of each hour in the climate-controlled chamber. Environmental levels of ozone are highest during daytime and are usually described in terms of daily maximum 8-h average. To decrease the exposure time for practical purposes, most human exposure studies use exercise to increase the minute ventilation of subjects and replicate an 8-h daily exposure. The exercise protocol in this study consisted of running on a treadmill or pedaling a cycle ergometer. Exercise intensity was adjusted for each subject to achieve a target expired minute ventilation (V E) of 20 l/min/m 2 body surface area. During exercise, VE was calculated from tidal volume and breathing frequency measured using a pneumotachograph at the 10-min and 20-min intervals of each 30-min exercise period (LabView 6.1; National Instruments, Austin, TX). Subjects remained inside the chamber for the entire 4-h exposure period. The type of exposure was chosen randomly at the time of subject enrollment and was not revealed to the subjects or to study investigators who performed bronchoscopy and processed the BAL. Immediately before (0 h), immediately after (4 h), and 20 h after (24 h) the exposure period, subjects underwent blood pressure and heart rate measurement, electrocardiographic (ECG) monitoring for HRV measurement, phlebotomy, and spirometry in that order. The systemic inflammatory, coagulatory, and cardiac autonomic responses to this moderate intensity level of exercise have been previously described (16) .
Blood pressure, heart rate, and HRV measurement. Blood pressure, heart rate, and HRV were measured at the 0-h, 4-h, 24-h time points. The subjects were placed in a supine position on a gurney for 10 min to achieve a steady state and then underwent blood pressure and heart rate measurement using an automated sphyngomanometer (Critikon Model 8100; Tampa, FL). Subsequently, the subjects underwent ECG recording for a minimum of 10 min with a minimum of 5 min of spontaneous breathing followed by a minimum of 5 min of timed breathing using a metronome (12 breaths/min). Electrocardiograms were recorded using a Holter monitor (Forest Medical, East Syracuse, NY) connected to five electrodes placed in standard positions on the subject's chest wall to allow for the recording of two ECG lead channels.
Analysis of HRV data. Each ECG recording was then downloaded and coded. Spontaneous and metronome breathing periods were separated into two ECG files. These were then edited using Trillium 3000 software (Forest Medical). A single blinded investigator (KP) reviewed every recording for poorly defined and mislabeled beats. Time domain variables were calculated using standard statistical methods described in the 1996 Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology (2) . Frequency domain variables were calculated on each ECG using power spectral analysis. A clear 5-min epoch was defined from each ECG for this analysis. Because the epochs used for analysis were time-defined, rather than beat-defined, discrete Fourier transformation was used for power spectral analysis with no windowing. The power spectrum was described by the total power and by three frequency components: very low frequency (VLF), low frequency (LF), and high frequency (HF). In addition, LF and HF measures were normalized with respect to the total power and the VLF using the equation LF/(total power-VLF) ϫ 100 and HF/(total power-VLF) ϫ 100, respectively. After normalization, the LF to HF ratio (LF/HF) was derived.
Spirometry. Spirometry was performed at each of the 0-h, 4-h, and 24-h time points using a dry rolling-seal spirometer (PDS; nSpire Health, Longmont, CO) following American Thoracic Society performance criteria (3). The best values for FVC and FEV 1 from three acceptable FVC maneuvers were used in data analysis.
Blood sampling and analysis. A small amount of peripheral venous blood (30 -40 ml) was withdrawn from the subject's arm at each of the 0-h, 4-h, and 24-h time-points. Blood was collected in appropriate sterile polypropylene tubes and processed by the UCSF clinical laboratory at San Francisco General Hospital or in our laboratory. Complete blood count with platelets was performed using a light scatter flow cell method (Siemens ADVIA 2120; Deerfield, IL). Prothombin time was measured using a one-stage test in which a thromboplastin reagent was added to citrated plasma and clotting time was recorded. Activated partial thromboplastin time was measured by activating intrinsic clotting factors using micronized silica and then adding CaCl2 to induce clot formation. Clotting time was then recorded. Fibrinogen was measured by converting to fibrin using 100 U/ml of thrombin. Fibrinogen concentration was then measured based on the rate of conversion, which is inversely proportional to the concentration of functional fibrinogen in the plasma (Siemens ADVIA 1800; Deerfield, IL). Active plasminogen activator-inhibitor (PAI-1) was determined by using a bioimmunoassay by ARUP Laboratories (Salt Lake City, UT). Serum angiotensin-converting enzyme (ACE) activity level was measured using an enzymatic activity assay by ARUP Laboratories (Salt Lake City, UT). High-sensitivity CRP was measured via a latex-enhanced immunoturbidometric method (Siemens ADVIA 1800).
Bronchoscopy and lavage procedures. Bronchoscopies were performed 20 Ϯ 1 h after the end of each exposure. Our laboratory's procedures of bronchoscopy and BAL have been previously discussed in detail (4, 5) . Briefly, intravenous access was established, supplemental oxygen was delivered, and the upper airways were anesthetized with topical lidocaine. Moderate sedation with intravenous midazolam and fentanyl was achieved as needed for subject comfort. The bronchoscope was introduced through the mouth and vocal cords into the airways and was then directed into the right middle lobe where lavage was performed with two 50-ml aliquots of 0.9% saline warmed to 37°C. The fluid returned was designated BAL and imme-diately put on ice. After bronchoscopy, each subject was observed for an approximate 2-h recovery period. Total cells were counted on uncentrifuged aliquots of BAL using a hemocytometer. Differential cell counts were obtained from slides prepared using a cytocentrifuge at 25 g for 5 min, and stained with Diff-Quik as previously described (4, 5) . Cells were counted by two independent and blinded observers; the average of the two counts was used in data analysis. BAL fluid was then centrifuged at 180 g for 15 min, and the supernatant was separated and recentrifuged at 1,200 g for 15 min to remove any cellular debris before freezing at Ϫ80°C.
Serum and BAL cytokine analysis. Concentrations of serum cytokines at 0 h and 4 h and BAL fluid cytokines (24 h) were measured using the Milliplex human 14-plex cytokine assay (Millipore, St. Charles, MO) as described previously (16) . For the purpose of cytokine measurements, BAL fluid samples were concentrated to 10ϫ by volume using Amicon Ultra-15 Centrifugal Filter units with 3-kDa membrane pores (Millipore). Cytokines measured included the following: granulocyte macrophage colony-stimulating factor (GM-CSF), IL-1␤, IL-5, IL-6, IL-7, IL-8, IL-12 p70, IFN-␥, monocyte chemotactic protein 1, and TNF-␣. The lower limit of detection (LOD) for the serum ELISA assays for GM-CSF, IL-1␤, IL-5, IL-6, IL-7, IL-12 p70, monocyte chemotactic protein 1, IFN-␥, and TNF-␣ was 3.2 pg/ml and for IL-8, the LOD was 16.0 pg/ml. The concentrations of serum IL-6 and IL-8 were also measured separately by human ELISA kits (Life Technologies, Grand Island, NY) (LOD of 1.7 and 4.1 pg/ml for IL-6 and IL-8, respectively). The LOD for the BAL ELISA assays for IL-1␤, IL-6, IL-7, IL-12 p70, and GM-CSF was 0.13 pg/ml, for IL-5 and TNF-␣, it was 0.03 pg/ml, and for IFN-␥, it was 0.64 pg/ml.
Sample size and power calculations. Human inhalational exposure studies have reported significant changes in blood inflammatory and coagulatory biomarkers with sample sizes of 30 subjects (21, 22, 37) . In addition, statistically significant changes in HRV have been observed with a sample size of five subjects with exposure to a combination of particulate matter and ozone (41) . We based our sample size on the ability to detect a 10% change in concentration of the blood biomarkers of interest with presumed standard deviations twice the magnitude of the effect size. Given these parameters, sample sizes of 20 and 25 provided statistical power of 81% and 86%, respectively, to observe a minimum change of 10% with a type I error of 5%.
Data management and statistical analysis. All data were entered into a database (Microsoft Excel 2007; Microsoft, Redmond, WA) and analyzed using STATA statistics software (STATA IE, version 12.0; StataCorp, College Station, TX).
Our study was designed to examine the question of whether short-term exposures to ambient levels of ozone cause acute adverse cardiovascular responses in a dose-dependent manner. The primary outcomes included 1) HRV (the frequency domains that are considered to be the most sensitive measures for assessment of pollutant effects on HRV, with other HRV indices analyzed as secondary endpoints); 2) systemic inflammation [CRP and inflammatory cytokines in blood (IL-6 and IL-8) with other inflammatory cytokines in blood as secondary endpoints]; 3) vascular volume and blood pressure control (angiotensin converting enzyme); and 4) biomarkers of coagulability (fibrinogen and plasminogen activator inhibitor-1 with other coagulation measures as secondary endpoints). Hemodynamic measures (heart rate and blood pressure) were also analyzed as secondary endpoints. Generalized estimating equation regression analyses were used to examine the dose-response effect of ozone exposure on outcomes of interest.
The changes in variables that were measured at 0-h, 4-h, and 24-h time points were calculated across each exposure using the 0-h time point value as the baseline (0 h to 4 h and 0 h to 24 h representing the immediate and the next day post-exposure change, respectively) and then used in the regression analyses. For variables that were only measured at the 24-h time point (bronchoscopy variables), the 24-h measurements were used in analyses. For measurements of blood and BAL cytokines, the analyte concentrations were adjusted to account for possible changes in blood volume after exposure from the corresponding 0-h measurement in accordance with previous studies (3, 15, 27, 43) as described previously (16) . In addition, cytokine concentrations that were below the detection limits of the assay were recorded as equal to the LOD (lower limit of detection). The distribution of data for each variable was examined and logarithmic transformation was performed as needed to achieve the assumption of normality. All cytokine concentrations were log-transformed before analysis. Data in the descriptive tables are presented as means Ϯ SD (or median [interquartile range] for those variables with a skewed distribution). Parameter estimates of regressions are presented as mean Ϯ SE and represent change in the value of each variable per 100 ppb increase in ozone exposure. A P value of Ͻ0.05 was considered to be statistically significant.
The initial regression analyses were performed without adjustment for age, sex, and body mass index (BMI) (possible moderator) covariates, and then with adjustment for these covariates in the multivariable models. The general regression model equation was outcome variable ϭ ␤0 ϩ ␤1*predictor variable ϩ ␤2*age ϩ ␤3*sex ϩ ␤4*BMI. BMI was examined both as a continuous and a categorical or binary variable (using BMI Ͻ or Ն25 kg/m 2 to produce relatively equal numbers of subjects in each category of normal weight and overweight). When the covariates were not significantly associated with the endpoints in any preliminary models, and neither their inclusion nor exclusion substantively altered multivariable estimates for the other covariates, they were excluded from the final models.
As mentioned in INTRODUCTION, a secondary hypothesis of our study was that ozone-induced systemic responses are mediated by ozone-induced local airway inflammation. To estimate a potential mediatory effect of ozone-induced airway inflammation on systemic inflammatory endpoints, we performed multivariable regression analysis followed by Sobel-Goodman mediation testing in models with serum CRP as the dependent variable, ozone as the independent variable, and BAL neutrophilia, IL-6, and IL-8 as the mediator variables. In addition, to estimate a potential mediatory effect of ozone-induced systemic inflammation on autonomic endpoints, we performed the same analysis (Sobel-Goodman mediation testing) in models with the frequency-domain of HRV as the dependent variable, ozone as the independent variable, and serum CRP as the mediator variable.
RESULTS
Subject characteristics. The characteristics of the subjects are shown in Table 1 . Ten out of the 26 subjects had mild asthma. The subjects with asthma had slightly lower FEV 1 and FEV 1 -to-FVC ratio; however, their minute ventilation during exercise with different exposures was not significantly different from those of nonasthmatic subjects. All asthmatic subjects used short-acting ␤-agonist (albuterol) metered dose inhaler on an as needed basis. Three of the asthmatic subjects also used inhaled corticosteroid (2 fluticasone and 1 mometasone) and long-acting ␤-agonist (2 salmeterol and 1 formoterol) in a combination format (Adviar and Symbicort). None of the asthmatic subjects were on anticholinergic antimuscurinic agents, leukotriene inhibitors, or systemic steroids. All asthmatic subjects were able to successfully wean off their asthma medications, as described above in METHODS, before each exposure. The characteristics of the 22 subjects who underwent bronchoscopy with BAL were similar to the entire 26 subjects (data not shown).
Climate-controlled chamber conditions. The overall average temperature and relative humidity in the climate-controlled chamber were (means Ϯ SD) 16.4 Ϯ 1.9°C and 53.3 Ϯ 10.7%, respectively ( Table 2 ). There was a significant but small lower relative humidity with the high (200 ppb) ozone exposure. The targeted minute ventilation and ozone concentrations were achieved (Table 2 ). Targeted minute ventilation was similar between the exposures (Table 2 ) and between asthmatic and nonasthmatic subjects across different exposures (Table 1) .
Ozone (Table 3) .
Ozone-induced changes in BAL inflammatory indexes. Bronchoalveolar lavage data are shown in Table 4 . BAL neutrophil and eosinophil concentrations increased significantly with the increasing level of ozone exposure (parameter estimate Ϯ SE for BAL neutrophils and eosinophils of 4.8 Ϯ 2.0 and 1.1 Ϯ 0.5 ϫ 10 3 cells/ml per 100 ppb ozone, respectively [P ϭ 0.01 and P ϭ 0.02]). The association between the level of ozone exposure and BAL eosinophil concentration remained significant (P Ͻ 0.03) after adjustment for presence of asthma or atopy. Of note, 18 of the 22 subjects who underwent bronchoscopy (all 10 asthmatic and 8 of the 12 nonasthmatic subjects) had atopy. Similar trends were observed when neutrophil and eosinophil percentages of total BAL leukocytes were used in regression modeling. Macrophage and lymphocyte concentrations in BAL did not show any significant change with the level of ozone exposure.
Exposure to ozone was associated with airway injury as evidenced by increasing BAL total protein with increased ozone exposure (log-transformed regression parameter estimate Ϯ SE ϭ 0.09 Ϯ 0.03 g/ml per 100 ppb ozone, P ϭ 0.001). The BAL concentrations of IL-6 and IL-8 were linearly associated with the level of ozone exposure (log-transformed regression parameter estimate Ϯ SE of 0.20 Ϯ 0.10 and 0.22 Ϯ 0.08 pg/ml per 100 ppb ozone for IL-6 and IL-8, respectively [P ϭ 0.02 and P ϭ 0.008]), showing increased ozone-induced expression of these cytokines in BAL. The association between the BAL concentration of GM-CSF and the level of ozone exposure did not reach statistical significance (log-transformed regression parameter estimate Ϯ SE ϭ 0.16 Ϯ 0.07 pg/ml per 100 ppb ozone; P ϭ 0.05). No significant associations were observed for BAL IL-1␤, IL-5, IL-7, IL-12, IFN-␥, or TNF-␣. Adjustment for total protein or inclusion of age, sex, and BMI in the models did not significantly affect the association of airway inflammatory responses with ozone exposure.
Ozone-induced changes in peripheral blood leukocytes. The concentrations of leukocyte subtypes at each time point are shown in Table 5 . There was no significant association between the level of ozone exposure and the change in total leukocyte, monocyte, neutrophil, or lymphocyte concentrations across exposures from 0 h to 4 h or from 0 h to 24 h (Table 6 ). However, there was a cumulative decline in the concentration of eosinophils from 0 h to 4 h with increasing levels of ozone exposure (parameter estimate Ϯ SE ϭ Ϫ1.8 Ϯ 0.6 ϫ 10 4 cells/ml per 100 ppb ozone; P ϭ 0.004). These changes were present regardless of whether the subject had asthma. The change in concentration of eosinophil from 0-h to 24-h time points was not significant.
Ozone-induced changes in peripheral blood CRP, ACE, and cytokines. The serum CRP concentrations and ACE activity levels at each time point are shown in Table 5 . In linear regression analyses, the increase in the serum CRP concentration from 0 h to 24 h was significantly associated with increasing levels of exposure to ozone (parameter estimate Ϯ SE ϭ 0.61 Ϯ 0.24 mg/l per 100 ppb ozone [P ϭ 0.01]) (Table 6 and Fig. 2 ). The change in serum CRP at 4 h was not associated with ozone level. Changes in ACE activity (Table 6 ) or in measured serum cytokine levels were not significantly associated with the level of ozone exposure (cytokine data not shown). Inclusion of age, sex, and BMI did not significantly affect the observed association.
Ozone-induced changes in peripheral blood coagulation indexes. No association between the change in fibrinogen, PAI-1, prothombin time, partial thromboplastin time, or platelets across exposure and the level of ozone exposure was observed (Table 7 ; regression data not shown).
Ozone-induced changes in blood pressure, heart rate, and HRV frequency-domain indexes. Diastolic blood pressure decreased and heart rate increased from 0 h to 4 h after all three exposures (0, 100, and 200 ppb). Heart rate also decreased from 0 h to 24 h across all three exposures. However, there were no significant trends between the changes in blood pressure (systolic or diastolic) and heart rate with level of ozone exposure from 0 h to either 4 h or 24 h.
Linear regression analysis showed a significant association between the LF-to-HF ratio and the level of ozone exposure (parameter estimate Ϯ SE of 0.4 Ϯ 0.2 and 0.3 Ϯ 0.1 per 100 ppb ozone at 4-h and 24-h time points, respectively [P ϭ 0.02 and P ϭ 0.01]). In addition, the change in normalized HF (as well as the corresponding change in normalized LF) at 24-h time points were associated with level of ozone exposure (parameter estimate Ϯ SE of Ϫ4.6 Ϯ 2.1 per 100 ppb ozone [P ϭ 0.02]) ( Fig. 2 and Table 8 ). The association between the change in normalized HF (and the corresponding change in normalized LF) and level of ozone exposure at 4-h time point did not reach statistical significance; however, the direction of the association was consistent with those observed at the 24-h time point (Table 9) . Similarly, ozone did not cause any significant change in frequency-domain HRV indexes when subjects underwent timed breathing; however, the direction of changes in these parameters was consistent with the values observed for spontaneous breathing (Table 8) . No significant associations between the changes (0 h to 4 h or 0 h to 24 h) in the time-domain variables and level of ozone exposure were observed for spontaneous or timed breathing (Table 8) .
Association between ozone effects on airway inflammation, systemic inflammation, and HRV. Analysis of ozone-induced changes in lung function or BAL markers of inflammation did not show any significant associations with serum CRP or HRV frequency-domain indexes across exposures. On the other hand, the changes in normalized frequency-domains of HRV (HF and LF) were significantly associated with the changes in serum CRP across exposures after adjustment for age and level of ozone (Table 10 ). To examine a potential mediating role for CRP in ozone-induced changes in HRV frequency-domains, we performed Sobel-Goodman mediation testing. The test showed 21.1% Ϯ 14.9% of the total effect of ozone on HRV frequency domains to be mediated through its effect on serum CRP; however, this mediation effect did not reach statistical significance (P ϭ 0.15).
DISCUSSION
In this study, we examined the effects of inhalational exposure to increasing doses of ozone [0 ppb, "medium" (100 ppb), and "high" (200 ppb)] on endpoints relevant to cardiovascular diseases. We found that exposure to ozone induced dosedependent 1) decrease in lung function, 2) airway injury as manifested by an increase in total BAL protein, and 3) airway inflammation as evidenced by increases in BAL neutrophils, eosinophils, and pro-inflammatory cytokines. In addition, we found evidence of a dose-dependent systemic inflammatory response to ozone at the 24-h time point as indicated by an increase in serum CRP. Furthermore, we found that exposure to ozone also induced a significant increase in LF-to-HF ratio of HRV at both 4-h and 24-h time points and a significant decrease in the normalized HF domain (and corresponding increase in LF domain) of HRV at the 24-h time point, suggestive of a relative increase in sympathetic tone. We did not find any evidence of a pro-coagulatory or vascular volumecontrol dysfunction response to ozone exposure.
Both the ozone-induced increase in serum CRP and adverse effects on HRV that we observed in our study are consistent with a recent report on a controlled human exposure study in which follow up (24 h post-exposure) effects on CRP and immediate (post-exposure) effects on HRV after a 2-h exposure to a higher level of ozone (300 ppb) were observed (13) . Our results extend these findings by demonstrating that the adverse changes in systemic inflammatory (CRP) and autonomic responses (HRV) continue to be present at lower levels of exposure and seem to be dose-dependent in nature. In addition, our findings show that the observed changes in autonomic response (HRV), which were observed as early as 4 h into exposure, persist at least up to 20 h (24-h time point) after the end of the exposure. These findings are also consistent with other previously reported human studies.
In a controlled human exposure study of the potential for ozone to enhance the decreased HRV response to concentrated ambient particles, evidence of effect modification was observed (19) . We observed a similar effect of ozone and particle co-exposures on HRV in another controlled human exposure (37) . An independent reduction of HRV was also reported in a field study of traffic-related air pollution and HRV in patients with coronary artery disease in the Boston area (52) . A second study in Boston showed an interactive effect of ambient ozone and high temperature to reduce HRV (42) . A field study in Beijing also observed that exposure to ambient ozone was associated with a reduction in HRV (30) . In a study of urban cyclists in Ottawa, Canada, there was a delayed reduction of HRV 3 h after exposure to ozone (51) . Finally, in a study of traffic-related air pollution and HRV in Mexico City, ozone had the greatest effect on HRV of any pollutant studied (47) . The results of these studies and ours when taken together provide support for the epidemiological evidence that chronic exposure to higher levels of ambient ozone is associated with increased risk of mortality due to ischemic heart disease (28) . As noted in the INTRODUCTION, not all human studies have found an effect of ozone on HRV. One recent controlled exposure study reported no effect of ozone either during or at 2 and 6 h after exposure to 300 ppb (8) .
Serum CRP has been shown to be a risk factor for cardiovascular disease, metabolic syndrome, and mortality even in individuals without existing cardiovascular disease (25, 26, 44, 45) . Similarly, the HF component (the best reflection of parasympathetic tone), the LF component (the best reflection of sympathetic tone), and the LF-to-HF ratio of HRV (representing relative sympathetic tone) have been shown to be predictive of cardiovascular disease and mortality (38) . Overall, the directional changes seen in serum CRP and in the frequencydomain variables of HRV are coherent with the epidemiological evidence of increased risk of mortality in association with ambient ozone exposure. Furthermore, these findings implicate inflammatory and autonomic modulations as potential mechanisms by which ozone exerts adverse cardiovascular effects.
In this study, although the inhalational exposure to medium and high ambient levels (100 and 200 ppb) of ozone caused local lung injury and inflammation (as demonstrated by increased total protein, neutrophils, eosinophils, and pro-inflammatory cytokines in BAL) and led to a systemic response (as indicated by changes in serum CRP), we did not find any association between the changes in local and systemic inflammatory endpoints that we measured. Nevertheless, the systemic inflammation is most likely the result of local lung inflammatory processes, and our inability to find such an association may be due to the timing of the measurements. Specifically, BAL, for assessment of local lung inflammation, was performed only at the 24-h time point, at the same time that the serum CRP response was observed. There may be a time lapse between the local and systemic inflammatory responses and thus systemic inflammation may only be correlated with local lung inflammation at an earlier time point.
We also examined the relationship between the autonomic (changes in HRV) and inflammatory (serum CRP) responses to determine whether inflammatory responses had a mediating effect on autonomic responses. We found a significant positive association between the changes in the frequency-domain of HRV and serum CRP after adjustment for ozone level. Given that the changes in serum CRP across exposures were due to the inhalation of ozone, the observed association could be suggestive of a possible contribution of the systemic inflammation to ozone-induced autonomic responses. Although an analysis of the mediating effect of serum CRP on the frequency-domain of HRV showed a contribution of about 20%, this effect did not reach statistical significance (P ϭ 0.15). Because our study was not designed to primarily examine this possible mediation effect, it may have been underpowered for such an analysis. Overall, the mechanism underlying ozone-induced adverse changes in the frequency-domain of HRV remains to Values are PE Ϯ SE from regression analyses for changes in each outcome versus 100 ppb increase in ozone (O3) exposure. *Significant changes. The time points include immediately before (0 h), immediately after (4 h), and 20 h after (24 h) the 4-h-long ozone exposure. be elucidated. However, the direct irritant effects of ozone inhalation in the airways may play a role in these autonomic responses.
Ozone exposure at low and high levels appeared to have no effect on the coagulatory and fibrinolytic endpoints beyond what has been shown to be due to the exercise protocols used in our laboratory's human ozone exposure studies (16) . However, Devlin et al. (13) did find evidence of a pro-coagulatory state with higher levels (300 ppb) of ozone exposure. Our study was not powered to show a lack of effect for these endpoints at Values are means Ϯ SD. PAI-1, plasminogen activator inhibitor-1; PT, prothrombin time; PTT, partial thromboplastin time. The time points include immediately before (0 h), immediately after (4 h), and 20 h after (24 h) the 4-h-long ozone exposure.
the lower doses of ozone that was examined, and further research on a potential pro-thrombotic effect of ozone should be done to address this topic.
Previous human studies have reported an increase in airway eosinophils with exposure to ozone in atopic asthmatic individuals (33, 50) . Animal studies have also reported increases in airway eosinophils with exposure to ozone in allergic airway disease models of asthma (34, 39, 46, 48) . In our study, we found an increase in BAL eosinophils with exposure to increasing levels of ozone that did not seem to be affected by the atopic or asthmatic status of the subjects. Unlike the abovecited previous studies, which had suggested an exacerbating effect of ozone on a pre-existing eosinophilic inflammatory background, our observation suggests that inhalation of ozone leads to a dose-dependent nonspecific airway eosinophilia that may be unrelated to presence of asthma or atopy.
Our study has both strengths and limitations. The strengths include the following: an experimental study of the potential cardiovascular effects of ozone in humans, a relatively large number of subjects for a controlled human exposure study, careful assessment of potentially confounding exercise effects, use of two different concentrations of ozone that allowed an exposure-response analysis, and measurement of biomarkers of both systemic and airway inflammation. Limitations include the following. First, our study design with 0, 100, and 200 ppb exposure levels assumes a linear response to these levels of ozone. Although it is possible that the responses at lower levels of ozone are nonlinear, at the doses studied, the linear assumption did produce a relatively well-fitting regression model (for example, estimated within-subject correlation coefficient of 0.46 for serum CRP). Examination of lower levels of ozone (i.e., Ͻ100 ppb) would address this concern. Second, although ozone is a prototypic oxidant gas that can cause oxidative stress and injury to the airway cells, we did not examine an oxidative stress pathway for the effects observed in this study. However, in a previous study, we did show an ozone-induced increase in peripheral blood 8-isoprostane, a marker of lipid peroxidation and oxidative stress, at 200 ppb exposure level (11) . Because ozone is known to cause lipid peroxidation through generation of reactive oxygen species in the airways, it is plausible that its adverse cardiovascular effects, even at lower levels of exposure, are mediated through oxidation of lipids. Third, although we found evidence for ozone effects on serum CRP level and autonomic pathways, we only assessed a limited set of biomarkers of systemic inflammation and coagulability. We did not measure other important biomarkers such as adhesion molecules, von Willebrand factor, or endothelial dysfunction from impairment of nitric oxide metabolism (12) . However, examination of the effects of ozone on an expanded set of Values are PE Ϯ SE from regression analyses. In multivariate models, ozone-induced change in HRV high frequency domain index was associated with that in serum CRP (e.g., 1 mg/l increase in serum CRP is associated with 1.34 normalized unit decrease in high frequency domain index of HRV after adjustment for age and level of ozone exposure). *Significant changes.
biomarkers would have required a much larger sample size beyond the scope of this study. Fourth, we recruited subjects that were relatively young and healthy, and it is possible that only individuals with pre-existing cardiovascular disease are at risk for ozone-induced acute effects (30) . We chose to recruit young, healthy subjects for safety reasons, given that the effects of ozone inhalation on cardiovascular endpoints in elderly subjects who might be at greater risk have not been previously studied. Nevertheless, we did observe a significant dose-dependent effect on serum CRP and frequency-domain variables of HRV in the subjects studied. Fifth, the temperature and relative humidity in the chamber exceeded the preplanned set points during some of the individual exposures. This is most likely because minor changes to temperature and humidity settings were allowed as requested by subjects for their comfort during exercise sessions. These minor adjustments in the settings resulted in temperature and relative humidity outside the preplanned values. Although it is possible that these variations may have adversely affected the measured outcomes, there were no systematic differences across exposures that could have contributed to the findings of the study, and on the average, the temperature and relative humidity in the chamber remained relatively close to the targeted range.
In conclusion, we found that inhalation of ambient levels of ozone results in dose-dependent adverse systemic inflammatory and cardiac autonomic effects, even at levels as low as 100 ppb, as indicated by an increase in serum CRP and changes in frequency-domain variables of HRV. These effects may contribute to the cardiovascular morbidity associated with shortterm exposure to ambient ozone. As expected from previous studies, we also found evidence of dose-dependent airway inflammation and injury as manifested by changes in molecular and cellular markers of inflammation and increased total protein in BAL fluid. Further experiments with larger sample size and greater statistical power are required to determine whether local lung inflammation after inhalation of ambient levels of ozone leads to systemic inflammation and downstream cardiac autonomic responses; however, our results are suggestive of such a mechanistic pathway.
